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[57] ABSTRACT

A voltage and electric field measuring device using
light as an operating parameter. An electro-optic crys-
tal, a quarter-wave plate, and a polarization analyzer are
arranged in that order in the direction of advancement
of applied light. A voltage may be applied to the elec-
tro-optic crystal through electrodes arranged thereon.
The electro-optic crystal belongs to a cubic system,
such as bismuth silicon oxide or bismuth germanium
oxide.

5 Claims, 15 Drawing Figures
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VOLTAGE AND ELECTRIC FIELD MEASURING
DEVICE USING LIGHT

BACKGROUND CF THE INVENTION

The present invention relates to voltage and electric
field measuring devices utilizing optical polarization.
More particularly, the invention relates to a voltage and
electric field measuring device of which the tempera-
ture characteristic is improved.

Fundamentally, a measuring device of the general
type to which the invention pertains operates by mea-
suring a voltage applied to an electro-optic crystal.
Such a measuring device can be used as a voltage mea-
suring device if electrodes connected to both surfaces of
the electro-optic crystal are connected directly to ter-
minals across which a voltage to be measured is applied
and may be used as an electric field measuring device if
it is placed in an electric field to be measured with the
electrodes removed.

An example of a voltage measuring device utilizing
light is shown in FIG. 1A. A polarizer 2, an electro-op-
tic crystal 3, a quarter-wave plate 4 and an analyzer 5
are arranged in the stated order in the direction of ad-
vancement of light from a light source 1. A voltage to
be measured generated by a voltage source 6 is applied
to the electro-optic crystal 3.

The polarizer 2 converts the light from the light
source 1 into linearly polarized light and the electro-op-
tic crystal 3 subjects the linearly polarized light to a
phase change resulting in elliptically polarized light.
When the voltage to be measured, hereinafter referred
to as the “measurement voltage” when applicable, is at
zero, the electro-optic crystal has refractive indices nx
and nyand when the measurement voltage is at V volts,
the refractive indices are changed to ny—kV and
ny—kV where the refractive indices ny and ny are those
respectively for linear polarization in the x direction
and for linear polarization in the y direction and k is a
constant. If linear polarization in a direction xj is split
into vector components in the x and y direction, the
refractive indices in the x and y directions are different
so that the speed of the light is different for the two
directions. Because of this, the linearly polarized light is
converted into elliptically polarized light due to the
phase difference between the x and y direction compo-
nents. The analyzer 5, which is disposed in a cross Nicol
position with respect to the polarizer 2, changes the
amplitude of the elliptically polarized light.
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2
serted, the following equation can be obtained from
modifying the equation (1):

V.
Pyt = 1+ Ppysin? (% -—V':r'l— + 11—) =
V.
';—I.Pin[l + sin (ﬂ—#)} .
In the range of

Vin ’

Ty <<L
the equation (1) can be rewritten as the following equa-

tion (2):

20 ®

&mz%Lm[Ler].

The significance of equation (2) is illustrated in FIG. 2.

The output optical signal from the analyzer is converted
5 into an electrical signal by an element such as a PIN
photodiode.

The voltage measurement is carried out according to
the above-described principles. For voltage measure-
ment, crystals of KDP, ADP, LiNbO3 and LiTaO3 can
be used for the electro-optic crystal 3. However, the use
of these crystals is disadvantageous in that the measur-
ing device then has an unsatisfactory temperature char-
acteristic because the refractive indices nx and ny are
somewhat different and they generally have different
temperature characteristics. In other words, such crys-
tals have a natural birefringence with, for instance
nx=ne—kV and ny=n,+kV each of which has a differ-
ent temperature characteristic. This can be understood
from the graphs of FIGS. 3A-3C which show examples
of the temperature dependence of ordinary rays and
extraordinary rays.

In order to compensate for this temperature instabil-
ity, a so-called “temperature compensation type” has
been proposed in which two crystals A and B are cou-
pled together with their axes oriented in different direc-
tions. With this type, the light passing through the ana-
lyzer 5 can be described by the following equation (3):

w

With the power of light incident on the polarizer 2 is 50

represented by Pj, and the amount of loss at the mea-
surement section is represented by 1, the relation be-
tween the light output power P,y and a voltage Vin to
be measured can be expressed by the following equation
(1) when the quarter-wave plate 4 is absent:

¢y
V.
Py = 1+ Pysin? (% —f,';:—) ,

where V is the half-wave voltage which depends on
the type of crystal used and its orientation in use.

It is desirable to operate upon a nearly linear portion
of the characteristic curve of the equation (1). For this
purpose, it is necessary to shift the operation to the
point A/4 as shown in FIG. 1B. To accomplish this, the
quarter-wave plate 4 is provided which serves as optical
biasing means. When the quarter-wave plate 4 is in-

(&)

Y [ 7 h b
A51n[2 » v d1+d2 +

55

T (1o — maly = ) + W' — ¥ ]

60 where s, is the polarization angle for ordinary light, .’

is the polarization angle for extraordinary light, and .
is the Pockel’s constant. If the crystals are precisely
machined so that the length 11 of the crystal A is equal
to the length 1; of the crystal B, the temperature depen-

65 dence of the term including the difference between the

refractive index n, of an ordinary ray and the refractive
index n. of an extraordinary ray can be theoretically
eliminated.
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However, in practice, it is considerably difficult to
precisely machine the crystals so that the lengths 1y and
1, are precisely equal, to couple the crystals together,
and to mount the crystals thus coupled in a casing with-
out imparting stress to the crystals. Thus, it is extremely
difficult to manufacture such a temperature compensa-
tion type device.

FIG. § shows a temperature characteristic curve of a
temperature compensation type voltage measuring de-
vice using a LiNbOj crystal. In FIG. 5, relative values
plotted on the vertical axis are output voltage/average
received light powers, namely,

1 Ipi,,w-',:'T" 1+ 1P = w—;—-:'- ,
from the equation (2).

In view of the above-described difficulties accompa-
nying a conventional voltage and electric field measur-
ing device, an object of the present invention is to pro-
vide a voltage and electric field measuring device in
which the electro-optic crystal has a high temperature
stability and which can be easily manufactured.

SUMMARY OF THE INVENTION

The foregoing object and other objects of the inven-
tion have been achieved by the provision of a voltage
and electric field measuring device having a polarizer,
an electro-optic crystal, a wave plate and an analyzer
arranged in the direction of advancement of light ap-
plied thereto in which, according to the invention, the
electro-optic crystal is made of bismuth silicon oxide
(Bi12Si070, Bi4gSizOz0), or bismuth germanium oxide
(Bi4Ge3012). Bismuth silicon oxide and bismuth germa-
nium oxide are similar in physical characteristics to
each other as will become more apparent later.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is an explanatory diagram showing the ar-
rangement of a conventional voltage and electric field
measuring device;

FIG. 1B is a waveform diagram for a description of a
quarter-wave plate;

FIGS. 3A-3C are graphical representations indicat-
ing three examples of temperature dependence charac-
teristics of ordinary rays and extraordinary rays;

FIG. 4 is an explanatory diagram showing the ar-
rangement of a temperature compensation type electro-
optic crystal;

FIGS. 5 and 10 are temperature characteristic dia-
grams indicating the variation of output voltage/aver-
age received light power with temperature;

FIG. 6 is an explanatory diagram showing an exam-
ple of a voltage measuring device utilizing a bismuth
silicon oxide (Bi12Si020) crystal in accordance with the
invention;

FIG. 7 is a graphical representation showing the
variation of the refractive index variation factor with
wavelength;

FIG. 8A is a schematic diagram showing a test cir-
cuit;

FIG. 8B is a graphical representation indicating an
output voltage-input voltage characteristic of the test
circuit shown in FIG. 8A; and

FIGS. 9 and 11 are waveform diagrams showing an
input voltage and an output voltage.

15

20

30

35

45

55

60

65

4

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A preferred embodiment of a measuring device con-
structed according to the invention will be described
mainly with reference to FIGS. 6 through 9.

An optical system composed of a polarizer 2, an elec-
tro-optic crystal 7, a quarter-wave plate 4 and an analy-
zer 5 arranged in the direction of advancement of inci-
dent light is provided as shown in FIG. 6. In this sys-
tem, the electro-optic crystal 7 is made of bismuth sili-
con oxide (Bi12Si020, BisSi3012) or bismuth germanium
oxide (Bi12GeOa0, BigGe3012). The temperature depen-
dence of the electro-optic crystal made of bismuth sili-
con oxide or bismuth germanium oxide is reduced com-
pared to prior art constructions due to the following
reasons:

(1) Bismuth silicon oxide and bismuth germanium
oxide belong to a cubic system which has no natu-
ral Dbirefringence. Accordingly, the above-
described temperature compensation technique is
unnecessary when a crystal of the preferred type is
used.

(2) As is clear from the equation (2), the temperature
dependence of the term V, must be taken into
consideration. In the case of bismuth silicon oxide
and bismuth germanium oxide, V5 is Ay/2n3y4 for
the actually used crystal orientation where y4; is
Pockel’s constant for crystals of the cubic lattice
system. Therefore, the temperature dependence of
the terms n3 and y4; must be considered. No actual
measurement data appears to have been published
to date for y4;. However, as for n3, according to
available publications, as shown in FIG. 7, the
temperature variation factor of the refractive index
is:

A,
- -5 day Mo -3 dn_
dn/dT = 3 X 10~7 and v -—2741 ot ar =
v, =3, dn_ Vp X 103
T n dT = '7

Thus, while no actual measurement data is available for
the temperature dependence of 741, it can be estimated
that a variatioi of the order of 0.01% per degree is
present in the term dV,/dT.

Voltage measurements were carried out with a cir-
cuit arranged as shown in FIG. 8A as a result of which
an input voltage Vi, vs output voltage Vs characteris-
tic of excellent linearity was obtained as shown in FIG.
8B.

In addition, it has been confirmed that the tempera-
ture characteristic ‘of output voltage/average received
light power over a temperature range of —15° C. to 60°
C. with a bismuth silicon oxide crystal (Bi;28iOz9) is
substantially flat as shown in FIG. 5 and its variation is
within several percent.

In accordance with the invention, when light linearly
polarized by the polarizer 2 is applied to the bismuth
silicon oxide or bismuth germanium oxide crystal, the
refractive indices of the x and y axes of the bismuth
silicon oxide crystal are changed to ny=n—An and
ny=n+ An by the applied voltage and the speed of light
through crystal changes accordingly. However, this
crystal does not have natural birefringence and there-
fore the value n on the x and y axes does not changes at
all. The light emerging from the crystal is different in
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phase in the direction of the x and y axes and the output
light which has passed through the quarter-wave plate 4
and the analyzer 5 and received at a detector 8 is sub-
jected to an amplitude change in proportion to the ap-
plied voltage. '

The lower and upper parts of FIG. 9 show examples
of the waveforms of a 200 Hz sine wave input voltage
and of its output voltage.

The system of the invention including a bismuth sili-
con oxide or bismuth germanium oxide crystal can be
applied to optical fiber transmission by utilizing the
spatial propagation of light.

FIG. 10 shows the temperature dependency of bis-
muth orthosilicate (BisSi3O12) electro-optic crystal
which is one of bismuth silicon oxide and FIG. 11is a
waveform diagram showing an input voltage and an
output voltage thereof.

As is apparent from the above-described embodi-
ments of the invention, a bismuth silicon oxide or bis-
muth germanium oxide crystal is employed as the elec-
tro-optic crystal. Since these crystal belong to a cubic
system, they have no natural birefringence. Accord-
ingly, the conventional electro-optic crystal tempera-
ture dependence is eliminated and the provision of a
temperature compensation type electro-optic crystal is
unnecessary.

Furthermore, the sensor section, which is the system
including the electro-optic crystal, can be constructed
so that it includes no metal. Therefore, with a measuring
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device according to the invention, an electric field can
be measured safely and without disturbing the electric
field itself.

What is claimed is:

1. An electric field measuring device using light,
comprising: a source of light; an optical system compris-
ing a polarizer, an' electro-optic crystal, a wave plate,
and an analyzer arranged in the series with one another
in the path of said light, an electric field to be measured
being imposed upon said electro-optic crystal, and said
electro-optic crystal being made of a bismuth silicon
oxide material having a cubic crystal structure; and
detector means receiving light outputted by said optical
system for producing an electrical signal having a mag-
nitude determined by a magnitude of said electric field.

2. The electric field measuring device of claim 1
wherein said wave plate comprises a quarter-wave
plate.

3. The electric field measuring device of claim 1,
wherein said material is Bi128iO20.

4. The electric field measuring device of claim 1,
wherein said material is bismuth orthosilicate.

5. The electric field measuring device of claim 1,
further comprising electrode means coupled to said
electro-optic crystal for imposing an electric field to be
measured upon said electro-optical crystal in response

to a voltage applied to said electrode means.
x ¥ % * %



